The importance of incorporating break-repair costs and pipe-replacement costs in optimal design of a water distribution network is highlighted and demonstrated with a hypothetical network. Deterioration due to ageing of pipes requires expensive maintenance and causes inconvenience. The number of breaks generally increases exponentially with pipe age and smalldiameter pipes are more likely to break than large-diameter pipes. After a certain age, it would be more cost-effective to replace the pipes than to repair them. The optimisation models which do not consider the maintenance costs tend to result in smaller pipe sizes. The proposed model incorporates both the repair cost and the replacement cost in addition to initial cost. The proposed model is demonstrated by applying it to a 2-loop network. Incorporating pipe-break and replacement economics into optimisation leads to slightly larger diameter pipes. The analysis also reveals that consideration of repair/replacement is essential if the pipe breaks cause high economic impact, the pipe-break growth rate increases fast and discount rate is low. For the example network considered, for a typical set of values, the cost benefit is as much as 12.92%. For cases with low breakage rates, incorporating repair/replacement has been found to make no practical difference. The results show that considering pipe break and pipe replacement in optimisation is important as this could save considerable amounts of money over the lifetime.
Introduction
Water distribution systems are subject to deterioration with age. The design procedures of distribution systems should consider the future scenarios too. Pipe breaks are one of the important parameters to be considered in distribution system design. When a pipe breaks, it has either to be repaired or replaced. The breaks are not only associated with the direct costs to repair but also the indirect costs that are due to the inconveniences caused at widely varying levels. Water pipe breaks result not only in disrupting service but also in significant loss of water, which otherwise could have been sold to the consumer (Sinske and Zietsman, 2004) . In addition to this it may disrupt the traffic and the working of a water-intensive industry. There may be outbreaks of diseases and sometimes fire fighting could be delayed. Thus, pipe-break analysis needs to be considered during the design of the water distribution system, to be realistic. A pipe can break due to many reasons, including age of pipe, material and quality of pipe, surrounding environment of the pipe like soil corrosivity, external load on pipe, quality of workmanship, water-hammer pressures, etc. With all other conditions remaining the same, the number of breaks increases with age. Thus, over a planning horizon or period of analysis of 50 years or so, the number of breaks gradually increases.
Generally, small-diameter pipes are more liable to breaks than large-diameter pipes (Kettler and Goulter, 1985) . An initial cost-optimisation model that does not consider the pipe breaks during the lifetime may result in pipes of smaller diameter. This might prove to be less optimal over a long run, as the distribution system tends to experience more breaks when compared to a system with slightly larger diameter pipes. Even though the initial cost is more, larger diameter pipes may be more economical than smaller diameter pipes when life-cycle costs are considered. Therefore a critical analysis is required to decide on the appropriate size of the pipe which ultimately leads to economical design in longer run. To analyse for long design periods, the time variations of break rates of different pipe sizes have to be known. Further the interest rate (discount rate) on finances also plays an important role. To choose a design from different alternatives, the 'present value method' may be used.
Minimising pipe cost is often reported as the objective in the literature that deals with water distribution design. However, repairing pipe breaks and related inconveniences also significantly add to the cost. These factors are not dealt with often. In this paper, it is shown that there is an improvement by incorporating installation cost and repair and replacement economics into an optimisation framework. The objectives of this study were to develop an optimisation model that optimises the total cost of installation of a water distribution system and maintenance of the system for its service life (say 50 years), and to demonstrate the advantages of this model over the model that does not include maintenance cost in optimisation.
Review of optimisation studies
Generally, optimisation models have been used for one of the following purposes:
Pipe cost minimisation Researchers have been investigating costs of effective water distribution networks with various approaches such as linear, nonlinear, dynamic and mixed integer programming. Optimisation models have been formulated and solved for the design of water distribution systems since the 1970s. Goulter (1992) provided an extensive review of the optimisation models applied to water distribution design. Recently many evolutionary and heuristic optimisation models (simulated annealing, genetic algorithm, ant colony algorithm, and shuffled frog leap algorithm) have been applied to the pipe network optimisation problem (Simpson et al, 1994; Savic and Walters, 1997; Cunha and Sousa, 1999; Maier et al, 2003; Eusuff and Lansey, 2003 (2008) proposed a multi-objective formulation with 'minimisation of life-cycle cost' and 'maximisation of performance' as objectives for the optimal design and rehabilitation of a water distribution network. The life-cycle cost includes the initial cost of pipes, the cost of replacing old pipes with new ones, the cost of cleaning and lining existing pipes, the expected repair cost for pipe breaks and the salvage value of the pipes that are replaced. Kettler and Goulter (1983) , Goulter and Coals (1986) , Su et al. (1987) , Bao and Mays (1990) , Fujiwara and Tung (1991) , Cullinane et al. (1992) and Prasad and Park (2004) have developed reliability-based optimisation models. Recently, Balla and Lingireddy (2000), Vitkovsky et al. (2000) , Lansey et al. (2001) , Lingireddy and Ormsbee (2002) , Mallick et al. (2002) and Kapelan et al. (2003) have worked on the roughness calibration of a water distribution network. Investigations on the booster facility location and injection scheduling problem in water distribution networks is dealt with by Boccelli et al. (1998 ), Tryby et al. (2002 and . Of all the optimisation methods, genetic algorithm-based methods appear to be promising, since they are able to handle discrete decision variables (pipe sizes) with ease and produce a set of promising solutions. Goulter and Bouchart (1990) presented methodology for incorporating reliability measure in least cost optimal design of water distribution network in which pipe-break rates for diameters ranging between 25 mm and 610 mm are considered. They assumed an average break rate of 1.55 breaks/yr·km for a 25 mm diameter pipe. For the diameters between 50 mm and 305 mm, they have taken the average break rate from the data collected for the city of Winnipeg, Canada during 1975 to 1980 (Kettler and Goulter, 1985 . The pipes in the Winnipeg water distribution system were installed between 1950 and 1959. For diameters larger than 305 mm, they assumed average break rates. For 610 mm, the assumed break rate was 0.026 breaks/yr·km. Kettler and Goulter (1983) , Goulter and Coals (1986) , Fujiwara and DeSilva (1990) and Fujiwara and Tung (1991) assumed expected break rates ranging between 1.36 and 0.05 breaks/yr·km for diameters ranging between 100 and 350 mm. Gupta and Bhave (1994) assumed break rates ranging between 1.04 and 0.05 breaks/ yr·km for the diameters ranging between 150 and 400 mm.
Review of pipe-break studies
The variation of number of breaks with respect to time will be more useful for analyses over long periods. Shamir and Howard (1979) Table 1 . Shamir and Howard (1979) further derived an equation that provided time of replacement of pipes based on break rate and interest rate. The exponential expression (Eq. (2)) was reported to give better results than the linear expression (Shamir and Howard, 1979; Walski and Pelliccia, 1982; Kleiner and Rajani, 1999) . Pipes can be grouped into classes with the same characteristics (type of material, diameter, installation periods, etc.) and parameter values estimated for each of these classes (Kleiner and Rajani, 1999) . Goulter and Kazemi (1988) and Goulter et al. (1993) proposed a non-homogeneous Poisson distribution model to predict the probability of subsequent breaks provided first break had already occurred. Male et al. (1990) used a net present value analysis to investigate the best replacement policy or the number of bursts that should be allowed to occur before a replacement was necessary. A semi-Markovian model was developed by Li and Haimes (1992a) to capture the dynamic evolution of the failure mode of a deteriorating main pipe, thus facilitating the determination of the optimal replacement/repair decision at various deteriorating stages. A water distribution system often consists of a large number of components. However, funds are, in general, not available to completely update/upgrade the deteriorating water distribution system's components. Li and Haimes (1992b) proposed a multilevel approach for water distribution systems that maximises the performance of the overall system under a given budget constraint. Loganathan et al (2002) developed an economical sustainable threshold break rate equation. The equation for threshold break rate considers the pipe diameter and the discount rate, which provides the critical break (2004) developed a spatial decision support system (SDSS) for pipe-break susceptibility analysis, which helps public works administrator to model the complex pipe-break phenomena in a municipal water distribution system in order to identify pipes susceptible to breaking.
Comparison of the equivalent present value of competing alternative designs allows choosing the most desirable design on the basis of economics. Present value analysis requires the conversion of all cash flows to a common point in time, the present or the start time. All future cash flows are discounted back to the present using the interest (discount) rate. Discount rates or interest rates used in economic analysis of water distribution networks usually range between 2 and 12 %, depending upon the funding agency. Table 1 provides the discount rates used in the literature. Although studies on break analysis and pipe replacement scheduling have been conducted by many, no study seems to include pipe-break and replacement economics in the optimal design of water distribution.
Model formulation
The following definitions are used in this paper. Installation cost means the cost of pipes plus the cost of laying the pipes that includes the costs for excavation, preparing foundation, placing the pipes with sleeves, filling, repaving, crew, equipment and overhead. Repair cost means the cost to repair a break. Break cost means the cost to repair a break plus the costs on claims for damages and other inconveniences. Maintenance cost is the total of break costs and replacement costs.
The objective of the model is to minimise the total cost that includes the installation cost and maintenance cost over a period of analysis. The installation cost is the cost to be spent at the beginning whereas the maintenance cost is spread over the analysis period. All the costs are brought to the beginning period using the present worth method so as to compare different designs and select the best. After a certain period of time, pipes may break often and instead of being repaired they may have to be replaced. Thus two scenarios are considered. In the 1 st scenario, the pipes are not replaced for the entire period of analysis. In the 2 nd scenario, pipes are replaced at optimal times. A combined simulation-optimisation model is developed. The optimisation model is the outer driver model and the simulation model is the core. A genetic algorithm is used for optimisation. United States Environmental Protection Agency (USEPA) developed the freeware analysis software called EPANET (Rossman, 2000) and this is used as the simulation model. A computer code is written for genetic algorithm in C programming language and the simulation model EPANET is linked to the optimiser, through the EPANET Toolkit.
The optimisation is performed using a single objective genetic algorithm. The objective function for the first scenario in which the replacement is not considered, can be written as follows: (3) where:
C is a cost function IC is the installation cost (including pipe cost) BC is the present worth value of break costs during the analysis period
The installation cost IC can be represented as follows: (4) where: n is the number of links in the network
is the installation cost per unit length for the link j with diameter d(j) l j is the length of link j
The present worth value of break cost BC can be represented as follows: (5) where: r is the period of analysis in years y is the maximum period of analysis in years i is the discount rate (per year) Shamir and Howard (1979) to describe the break rate as a function of time (Eq. (2)). 1/(1+i) r of Eq. (5) is used to convert the break cost to present value. The multiplier factor D is introduced as the claims for damage and other inconveniences caused by breaks can be significant in comparison to the cost of actually repairing a break (Walski and Pelliccia, 1982) . When D is assumed to be equal to 1, the damage and inconvenience cost is ignored.
The objective function needs to be minimised subject to a set of implicit constraints and a set of explicit bound constraints. The explicit constraints are used to set limits on explicit decision variables (pipe diameters) of the design problem. A set of discrete pipe diameters are provided and the model can use only those diameters. The implicit system constraints include nodal conservation of mass and conservation of energy. Nodal conservation of mass requires that the sum of flows into or out of any junction minus any external demand must equal zero. Energy conservation requires that the sum of the head losses over any loop minus any energy added by a pump, minus the difference in grade between any two fixed grade nodes equals zero. 
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EPANET solver satisfies the continuity equation at all times; however, pressures need to be checked. In the present model, minimum pressure requirement at each demand node can be specified. Only those solutions which do not violate the pressure constraints are considered feasible solutions. For other solutions that violate pressure constraints, a heavy penalty ($10 20 ) is added to the objective function for each violation. The penalty is set so high that the solutions violating pressure constraints could not be selected as the optimal solution.
The following assumptions are made in the formulation and demonstration:
The optimisation considers only the pipes and other com- 
Demonstration
The water distribution network shown in Fig. 1 is used for demonstration. This network was first used by Alperovits and Shamir (1977) for optimal design and subsequently several researchers used the same network for optimisation studies. The network consists of 8 links, 6 demand nodes, and 1 reservoir (Node 1). The node details of this network are given in Table 2 . The minimum required pressure at all demand nodes is 30m. Each link is 1 000 m long. Alperovits and Shamir (1977) and subsequently many others used a constant Hazen-Williams coefficient of 130 for all pipes. As the analysis is made over a period of 50 years in this study, a smaller Hazen-Williams coefficient, 100, is used for all pipes. Alperovits and Shamir (1977) also gave cost details of pipes. It is to be noted that they provided only arbitrary cost units but not cost itself. These cost units are not directly and linearly proportional to the real cost of the pipes. Compared to the pipe cost, the laying cost is also significant. Hence, it may be useful to practising engineers, if the totals of pipe cost and laying cost are used in the optimisation models. Walski and Pelliccia (1982) included ductile iron-pipe installation costs. They also estimated the cost to repair a break considering components like the costs for crew, equipment, sleeve, repaving and overheads. The cost data provided by them are more realistic though there may be some variation from place to place. Since these costs are more realistic values, they are used in this study. Costs are assumed for some pipes (25 mm, 50 mm, 75 mm, 100 mm and 550 mm) for which Walski and Pelliccia (1982) did not provide data. The cost data used in this study are presented in Table 3 . The pipe costs and the installation costs provided are based on estimates of laying works for long lengths. The pipe-break rates (break/ yr·km) are used in many studies in the literature, but most of them are assumed values. Moreover, the values available in the literature are mostly average break rates. Goulter and Bouchart (1990) provided average break rate values (time averaged) of a real system for a few pipe diameters. In the present study, break rates for different diameter pipes at the beginning of analysis Table 3 . These values are close to the values presented in the literature. In this study, two discount rates (i), 4% and 10% per year, two break growth rate coefficients (A), 0.01 and 0.07 per year and three damage and other cost multipliers (D), 0, 1.5 and 2.5 are used. It is to be noted that when D = 0, it indicates that BC = 0 (refer Eq. (5)) and thus the optimisation is for pipe and installation costs only. In other words, when D is set to zero, the break economics are ignored. 
Results of optimisation without pipe replacement
A genetic algorithm-based optimisation model was used. The optimum results obtained took about 5 to 10 min of computer time in Pentium IV personal computer. The GA was run using a population size of 1 000 and permitted to maximum generations of 1 000. Two runs are generally considered. The cross-over probability and mutation probability were fixed as 0.8 and 0.03 respectively. To present the results conveniently, alphabet letters are used to represent the diameters. The alphabet E represents 25 mm, F represents 50 mm and so on. The alphabet notations for different diameters are presented in Table 3 , Column 2. The optimisation results are presented in Table 4 . Column 5 of Table 4 with title 'Optimal diameter set' provides the optimal diameters found by the genetic algorithm-based optimisation model. The 8 alphabet letters represent 8 diameters for Links 1 through 8 in sequence. When the initial cost (pipe and installation cost) alone is considered (D = 0), the minimum initial cost obtained is $ 1.102 m. Four different configurations with this cost are presented in Table 4 (the rows where D is 0). Even though there are four different configurations, they contain 350 mm pipes for three links, 400 mm diameter pipes for two links and 25 mm, 75 mm and 550 mm pipes for one link each. Cases 4B and 4D also produce an initial cost of $1.102 m. for which D=1.5, A = 0.01 and i = 10%. In all other cases, the initial cost is more than $1.102 m. This shows that when break economics is considered in optimisation, generally larger pipes are selected. When breaks are considered in optimisation, 25 mm pipe is not selected except for Case 4B. When breaks are not considered in optimisation, a 25 mm pipe is selected in all four configurations (Cases 4I, 4J, 4K and 4L). The difference in initial cost is maximum in Case 4G, where the initial cost is $1.179 m. which is higher by $0.077 m.
The last column of Table 4 provides the total cost which is the total of initial cost and present value of maintenance costs over a period of 50 years. One might like to establish how much the total cost will be when the optimal diameter set of one of Cases 4I, 4J, 4K or 4L is used. The results of optimal diameter sets and diameter set of Case 4I are compared and presented in Table 5 . Among the cases considered the maximum benefit (or maximum loss while using Case 4I) while considering the break rate into optimisation works to be 12.92 % of the cost. This is obtained when D = 2.5, A =0.07 and i = 4%. In other words, when D is high, A is high and i is low, the break economics based optimisation model results significantly different total cost compared to the total cost obtained from a simple optimisation model that does not consider breaks.
However, when D = 1.5, A = 0.01 and i = 10% there is no benefit in considering the break rates in optimisation. In this particular case, even though the break rates are considered, the optimal set of diameters found is the same as the diameter set found without considering the break rates in the optimisation model. In this particular case, D is small, A is small and i is high.
When the break growth rate A is 0.01, the number of breaks per year per km doubles in 69.3 years. When the break growth rate A is 0.07, the number of breaks per year per km doubles in 9.9 years. The increase in break rates with respect to age is presented in Figs. 2 and 3 respectively for A = 0.01 and A = 0.07. The optimum results presented in Table 4 show that keeping D and i constant, the increase in A increases the total cost. A smaller discount rate produces higher present worth total cost. The importance of discount rate increases when the D and A values are high. When D and A are high, discount rate results in more differences in total cost. A high discount rate i, small D and small A may produce a result that is close to a cost obtained with minimisation of initial cost alone.
Optimisation results with pipe replacement
If a pipe is replaced after t number of years, t should be such that the money spent on maintenance for t years and the replacement cost together (present worth) should be minimal. In other words, the optimal timing for replacement is that year for which the total present worth of all maintenance costs and replacement cost is minimal. Using the exponential break-rate equation Eq. (2), Shamir and Howard (1979) formulated an expression for total of repair cost and replacement cost. By differentiating this expression with respect to time and equating to zero , provides optimal timing of replacement of pipes. According to Shamir and Howard (1979) optimal timing of replacement of pipes t can be written as follows: (6) where:
t is the optimal year in which a pipe needs to be replaced C r is the cost of replacement per unit length, say one km C b is the break cost N(t 0 ) is the break rate (breaks/yr·km) at the start of analysis.
In this study, C r is taken as cost of pipe and installation (given in Table 3 ) multiplied by D. Similarly C b is the cost to repair a break (given in Table 3 ) multiplied by D. Based on this equation the optimal years of replacement are calculated and presented in Table 6 . According to Table 6 , in the case of A = 0.01, all the pipes are to be replaced well after the period of analysis of 50 years. However, when A = 0.07, the optimal replacement time is within the period of analysis for smaller pipes. Thus another optimisation model was developed to incorporate the pipe replacement at the specified years. In the new year, and the pipe is replaced in the 32 nd year. These steps are repeated till the end of the analysis period. For a 25 mm pipe, the replacement cost is taken as $ 52/m (refer Table 3 ) multiplied by D.
Cases, 4C, 4D, 4G and 4H are analyzed with pipe replacement and the results are presented in Table 7 as Cases 7A, 7B, 7C and 7D respectively. In the 3 rd case, the pipes selected did not require to be replaced within 50 years. The results in Table 7 shows that in all the cases except 7C, the total cost obtained by optimisation with pipe replacement is more than the cost obtained with the optimisation without pipe replacement. This is true as the analysis period is not an integral multiple of replacement year and pipe replacement requires relatively large amounts of money. If a pipe is replaced in the 46 th year, the benefits of replacing the pipe will not be reflected in the 50 th year itself (just 4 years after replacement). For the 4 cases presented in Table 7 , the variations of the present worth of maintenance cost with age are shown in Fig. 4 . Variation of maintenance cost for a single link (150 mm) is shown in Fig. 5 in which i is taken as 0.04 and A is taken as 0.07. The link is replaced at the age of 33 years and the replacement costs (present worth) $ 27 958. At the age of 33, the maintenance cost is raised by $ 27 958 (present worth) when replacement is considered. The benefit of replacement can be realised at the age of 54 and later during which the cumulative maintenance cost with replacement is less than the cumulative maintenance cost without replacement.
Summary and conclusions
This paper proposes a methodology for the design of water distribution networks incorporating the pipe-break and the replacement cost economics. The proposed model is an improvement on simple pipe-cost optimisation. Consideration of the break cost and replacement cost in optimisation results in different optimal sets of pipe diameters. The demonstration example shows the importance of considering the break cost and replacement costs in optimisation. The optimal diameters depend on the break growth rate, initial break rate, inconvenience and inconvenience cost multiplier and discount rates.
The demonstration of the new model with a 2-loop network reveals that the optimisation leads to slightly larger diameter pipes. If the inconvenience cost, break growth rate and discount rate are all unfavourable, the simple optimisation without considering the pipe-break and replacement economic may result in a poor design. Network design with breaks causing high economic 
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Age and cumulative maintenance cost quality problems. Hence adequate checks should be made on water velocity in pipes before a final design is arrived at. The developed model can further be extended to stage-by-stage construction and rehabilitation of pipes. In this study, a constant Hazen-Williams coefficient is used. However, the value of the Hazen-Williams coefficient decreases with increasing pipe age. This can also be incorporated in the optimisation model. When pumps are involved in the design, an optimisation model with changing roughness values will be more appropriate.
